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Effects of tillage and poultry manure application rates on Salmonella and
fecal indicator bacteria concentrations in tiles draining Des Moines Lobe
soils
Abstract
Application of poultry manure (PM) to cropland as fertilizer is a common practice in artificially drained
regions of the Upper Midwest United States. Tile-waters have the potential to contribute pathogenic bacteria
to downstream waters. This 3-year study (2010–2012) was designed to evaluate the impacts of manure
management and tillage practices on bacteria losses to drainage tiles under a wide range of field conditions.
PM was applied annually in spring, prior to planting corn, at application rates ranging from 5 to 40 kg/ha to
achieve target rates of 112 and 224 kg/ha nitrogen (PM1 and PM2). Control plots received no manure
(PM0). Each treatment was replicated on three chisel-plowed (CP) plots and one no-till (NT) plot. Tile-
water grab samples were collected weekly when tiles were flowing beginning 30 days before manure
application to 100 days post application, and additional grab samples were obtained to target the full spectrum
of flow conditions. Manure and tile-water samples were analyzed for the pathogen,Salmonella spp. (SALM),
and fecal indicator bacteria (FIB), Escherichia coli (EC), and enterococci (ENT). All three bacterial genera
were detected more frequently, and at significantly higher concentrations, in tile-waters draining NT plots
compared to CP plots. Transport of bacteria to NT tiles was most likely facilitated by macropores, which were
significantly more numerous above tiles in NT plots in 2012 as determined by smoke-testing. While post-
manure samples contained higher concentrations of bacteria than pre-manure samples, significant differences
were not seen between low (PM1) and high (PM2) rates of PM application. The highest concentrations were
observed under the NT PM2 plot in 2010 (6.6 × 103 cfu/100 mL EC, 6.6 × 105 cfu/100 mL ENT, and 2.8 ×
103 cfu/100 mL SALM). Individual and 30-day geometric mean ENT concentrations correlated more
strongly to SALM than EC; however, SALM were present in samples with little or no FIB.
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a b s t r a c t
Application of poultry manure (PM) to cropland as fertilizer is a common practice in artiﬁcially drained
regions of the Upper Midwest United States. Tile-waters have the potential to contribute pathogenic
bacteria to downstream waters. This 3-year study (2010e2012) was designed to evaluate the impacts of
manure management and tillage practices on bacteria losses to drainage tiles under a wide range of ﬁeld
conditions. PM was applied annually in spring, prior to planting corn, at application rates ranging from 5
to 40 kg/ha to achieve target rates of 112 and 224 kg/ha nitrogen (PM1 and PM2). Control plots received
no manure (PM0). Each treatment was replicated on three chisel-plowed (CP) plots and one no-till (NT)
plot. Tile-water grab samples were collected weekly when tiles were ﬂowing beginning 30 days before
manure application to 100 days post application, and additional grab samples were obtained to target the
full spectrum of ﬂow conditions. Manure and tile-water samples were analyzed for the pathogen, Sal-
monella spp. (SALM), and fecal indicator bacteria (FIB), Escherichia coli (EC), and enterococci (ENT). All
three bacterial genera were detected more frequently, and at signiﬁcantly higher concentrations, in tile-
waters draining NT plots compared to CP plots. Transport of bacteria to NT tiles was most likely facili-
tated by macropores, which were signiﬁcantly more numerous above tiles in NT plots in 2012 as
determined by smoke-testing. While post-manure samples contained higher concentrations of bacteria
than pre-manure samples, signiﬁcant differences were not seen between low (PM1) and high (PM2) rates
of PM application. The highest concentrations were observed under the NT PM2 plot in 2010
(6.6  103 cfu/100 mL EC, 6.6  105 cfu/100 mL ENT, and 2.8  103 cfu/100 mL SALM). Individual and 30-
day geometric mean ENT concentrations correlated more strongly to SALM than EC; however, SALM were
present in samples with little or no FIB.
© 2016 Elsevier Ltd. All rights reserved.
1. Introduction
Poultry manure (PM) is an excellent source of phosphorous,
nitrogen, potassium, and other nutrients essential for plant growth,
and is therefore is applied to cropland in the United States (US),
Canada, the European Union, and China, in lieu of, or in addition to,
commercial fertilizer (Oenema et al., 2007; Sistani et al., 2010). In
the US state of Iowa, alone, over 15 billion eggs are produced
annually (UDSA-NASS, 2014), resulting in the generation of over 5.6
million Mg of fresh layer manure (Naber and Bermudez, 1990).
Along with beneﬁcial nutrients, PM commonly contains pathogenic
bacteria, including Salmonella (SALM) (Kraft et al., 1969; Rodriguez
et al., 2006; Berghaus et al., 2013). Once released to the environ-
ment, pathogens can be transported to recreational, irrigation, or
drinking waters and pose a risk to human health (Rogers and
Haines, 2005; Craun et al., 2010; Dale et al., 2010; USEPA, 2013),
or compromise the bio-security of poultry facilities (CDC, 2010;
Castiglioni Tessari et al., 2012).
In addition to pathogens, PM commonly contains non-
pathogenic bacteria, including Escherichia coli (EC) and
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enterococci (ENT) (Terzich et al., 2000; Rogers et al., 2011). Studies
of human exposures have conﬁrmed the increased risk of negative
health outcomes from swimming in waters containing these and
other fecal indicator bacteria (FIB) (Pruss, 1998). Alternative in-
dicators, such as wastewater chemicals and genes unique to
pathogenic bacteria, have been tested (Haack et al., 2009); how-
ever, despite the potential for regrowth and poor correlations to
pathogens in some environmental settings (Field and Samadpour,
2007; Payment and Locas, 2011), EC and ENT have remained the
preferred indicators for assessing the risk to human health
(USEPA, 2012).
Watershed-scale models commonly used to evaluate micro-
bial fate and transport often underestimate microbial contribu-
tions via drainage tiles, or assume that all leached bacteria die-off
(Gassman et al., 2007). To improve these models, source-speciﬁc
data sets that document the variability of bacterial concentra-
tions in tiles under common agricultural practices are needed,
along with research relating pathogens to the more readily-
modeled FIB (Benham et al., 2006).
Most PM generated in Iowa conﬁnements is stockpiled, and
solid manure is broadcast on cropland as fertilizer. Transport of
bacteria from applied PM can occur via runoff or through the
subsurface. In regions with poor natural drainage, including
formerly glaciated landscapes, tile-drainage systems are
commonly installed to remove excess water and facilitate plant
growth. These systems move water quickly to surface waters,
decreasing the soil's natural capacity for ﬁltration. Bacterial
transport in runoff from application of various types of manures,
including poultry, has been widely studied (Soupir et al., 2006;
Jenkins et al., 2008; Brooks et al., 2009; Harmel, 2009; Guzman
et al., 2010; Sistani et al., 2010; Delgado et al., 2011). Laboratory-
scale studies have shown that SALM and other pathogens can be
transported through over 1 m of soil, and transport is controlled
by soil types, hydrodynamic forces, physical ﬁltration, and in-
teractions between bacterial surface-charges and air, water, and
soil interfaces (Haznedaroglu et al., 2009; Bech et al., 2010; Chen,
2012). Studies show increased bacterial transport under saturated
conditions; however, transport has also been shown to occur
under unsaturated conditions when preferential ﬂow paths, such
as vermicular macropores, are present (Beven and Germann,1982;
Abu-Ashour et al., 1998; McMurry et al., 1998; Bottinelli et al.,
2013).
Timing of manure application relative to precipitation has been
shown to play an important role in determining transport to
drainage tiles (Samarajeewa et al., 2012). Recent studies of PM-
amended soils have reported survival of FIB and pathogens for
weeks and months after application (Rogers et al., 2011; Cook et al.,
2014), highlighting the potential for continued release of bacteria to
subsurface waters.
Despite the documented potential for bacteria transport to tile-
waters, no previous studies have addressed the impacts of PM on
microbial tile-water quality. Here, we present analyses of both
SALM and FIB concentrations in drainage tiles waters under real-
istic ﬁeld conditions, following PM application. The objectives of
this study were to evaluate the effects of time relative to manure
application, PM application rates, and tillage practices (CP and NT)
on bacteria concentrations in tile waters. This 3-year study was
conducted under a wide range of moisture conditions, and ﬂow
regimes, allowing for characterization of bacteria losses to tiles
under exceptionally wet and dry conditions up to 100 days after
manure application. Our ﬁndings can be used to improve predictive
models and risk assessments, and to inform producers and water-
shed managers interested in minimizing the microbial impacts of
PM application.
2. Materials and methods
2.1. Study site
Field experiments were conducted from 2010 through 2012 at
Iowa State University's Agronomy and Agricultural Engineering
Research Farm, west of Ames, Iowa, United States. The site is located
in the Des Moines Lobe landform region, a landscape formed by the
last glacial maximum that occurred in the state during the late
Pleistocene Epoch, between 18,000 and 15,000 years ago. The
research plots are located on soils with a Canisteo-ClarioneNicollet
association, which are loamy soils formed in glacial till under
prairie vegetation, characterized as moderately permeable, with
drainage classiﬁcations ranging from well-drained to poorly
drained. Soil texture typically ranges from 30 to 45% sand, 35e42%
silt, and 20e30% clay content (NRCS, 2014). Topsoil (0e30 cm)
measurements for all plots (2010e2012) range from 2.0 to 4.4%
organic matter content. Plot slopes range from 0 to 5 percent.
Drainage tiles are installed along the midline of each plot at a depth
of approximately 1.2 m. At the edge of each plot, tiles outlet into
sumps, which are protected from the elements and accessible for
sampling.
A long-term study of the effects of PM onwater quality began at
this site in 1998, with nine chisel-plowed (CP) plots under a corn-
soybean rotation. For 12 years, PM was applied in the spring to
the portion of each plot that was to be planted in corn as (Nguyen
et al., 2013). In 2010, all CP plots were converted to a continuous
corn rotation, and 3 established NT plots were included as part of
the PM study. PM and urea ammonium nitrate (UAN) were applied
each spring, prior to planting, at application rates based on nitrogen
(N) goals as described in Table 1. Control plots have not received
manure since the initiation of the long-term study in 1998. The
PM2 goal achieves the maximum recommended rate of N appli-
cation for continuous corn production in Iowa (Sawyer et al., 2006).
Fig. 1 shows the layout of the study plots and the location of the
study site on the Des Moines Lobe. Plot areas range from 0.08 to
0.51 ha (ha). Tiles are spaced 36.3 m (m) apart. The experimental
treatments on CP plots were arranged in a randomized designwith
3 plots receiving PM1 treatment, 3 plots receiving PM2 treatment,
and 3 plots receiving no manure as controls (PM0). Two of the
control plots were fertilized with urea ammonium nitrate (PM0 
UAN), and one that received no fertilizer (PM0 e NONE). Individual
NT plots were fertilized with PM1, PM2, and PM0 e UAN treat-
ments. The NT PM1 and PM2 plots are split, so that separate tiles
capture the upper and lower portions of the plots, allowing for
replication of tile-water samples. No manure was applied to either
type of PM0 plot; thus, we will not distinguish between PM0
treatments for the remainder of this report. The six possible com-
binations of tillage and treatment are as follows: CP PM0, CP PM1,
CP PM2, NT PM0, NT PM1, and NT PM2.
2.2. Precipitation and tile ﬂow measurements
Rainfall data were collected using two tipping-bucket rain
gauges with HOBO data-loggers (Onset Computer Corp., Pocasset,
Mass.) located at the site. Volume-triggered ﬂoat pumps were
located in each sump, and connected to in-line ﬂow meters
(Neptune Technology Group, Tallassee, AL), with Hobo Pendant
Event Data Loggers (Onset Computer Corp., Pocasset, MA), to pro-
vide continuous volume-based tile ﬂow data, which were trans-
formed into hourly ﬂow rates for plotting and analytical purposes.
To supplement continuous readings, instantaneous tile ﬂow rates
were obtained directly from each tile, at the time of sampling, by
measuring the time to ﬁll a 1-L (L) bottle.
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2.3. Manure sampling and application
PM was transported directly from conﬁnements housing layer
hens, and stockpiled at the study site each spring. Three repre-
sentative manure samples were obtained from the stockpile prior
to application. These samples were placed in plastic bags and stored
on ice, then transported to Minnesota Valley Testing Laboratory in
Nevada, Iowa, for moisture content and nutrient analyses. Manure
was re-sampled one day prior to scheduled application, and
transported on ice to ISU's Water Quality Research Laboratory for
moisture content and microbial analyses. Moisture content mea-
surements from the day before application and nitrogen content
data were used to calculate appropriate tonnage of manure to be
applied per plot. An additional 8e12 manure samples were ob-
tained from the spreader during application in 2011 and 2012 for
better characterization of the microbial content of the manure.
Manure was applied using a dry-spreader as described in Hanna
and Richard (2008). Application occurred on May 24th and 25th,
2010, June 1st, 2011, and May 15th, 2012, at the rates listed in
Table 2, followed immediately by tillage in CP plots. Corn was
planted within a few days after manure application.
2.4. Water sampling
2.4.1. Grab samples
Grab samples were collected weekly from drainage tile outlets
and following precipitation events in an attempt to capture a wide
range of ﬂow conditions. Samples were collected during the 30
days prior to manure application and up to 100 days after manure
application (DAM) when ﬂow was available. Grab sampling was
conducted from May 14th to September 1st in 2010, April 19th to
July 27th in 2011, and April 15th to July 21st in 2012. Grab samples
were collected directly from the tile line in 1 L sterile polypropylene
bottles, placed on ice, and transported to ISU's Water Quality
Research Laboratory. Samples were stored at 4 C until they were
processed for bacteria concentrations within 24 h.
Table 1
Plot treatments with nitrogen fertilization goals on a per hectare (ha) basis.
Treatment Treatment description Nitrogen fertilization goal (kg/ha/year)
PM0 e NONE Control, no manure or fertilizer 0
PM0 e UAN Control, urea ammonium nitrate fertilizer 224
PM1 PM applied at a low rate 112
PM2 PM applied at double the low rate 224
Fig. 1. Location of study site and layout of the experimental plot with tillage practices (chisel-plowed and no-till), fertilization treatments (PM1, PM2, PM0-UAN, and PM0-NONE),
and locations of tiles and sumps.
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2.4.2. Hourly samples
Autosampling devices (Teledyne ISCO, Lincoln, Nebraska)
collected samples directly from tile outlets at 6 plots (one repre-
senting each combination of tillage and treatment) during and after
precipitation events, which began on 9 June, 2011, and 20 June,
2012. Autosamplers were initiated manually prior to precipitation
events. Initial samples were obtained hourly, then in 3-h sampling
intervals as ﬂows receded. Tubes placed directly into the tiles were
ﬂushed with tile-water, prior to collection of tile-water samples in
1 L sterile propylene bottles. Samples were extracted from auto-
sampling devices within 12 h of collection, transported to the
laboratory at 4 C, and analyzed immediately for bacteria. Unlike
grab sampling, where sampling personnel were available to wait
until sufﬁcient volumes had been collected, auto-samplers were
not able to collect large volumes during low ﬂows; therefore,
hourly samples were analyzed only for EC and ENT.
2.5. Bacterial enumeration
Manure and water samples were analyzed using membrane-
ﬁltration and growth on selective agars following previously
described methods (Dufour et al., 1981; Eaton et al., 1995; Messer
and Dufour, 1998). Manure sub-samples (10 g wet weight) were
ﬁrst mixed with 150 mL phosphate buffered solution (PBS) and
placed on an orbital shaker for 30 min prior to being serially
diluted. Multiple subsamples of water were ﬁltered, with volumes
varying up to three orders of magnitude, including dilutions when
necessary to achieve bacteria plate counts ideally between 20 and
80 colonies. EC, ENT, and SALM were cultured on Difco™ modiﬁed
mTEC, mEnterococcus, and XLD agars, respectively, per manufac-
turer's instructions. Presumptive SALM colonies were conﬁrmed
using quantitative polymerase chain reaction (qPCR) for detection
of the invA gene following the method described in Ahmed et al.
(2009) and gel electrophoresis was used to conﬁrm the qPCR
product. Samples were analyzed in triplicate whenever possible
and measured values of laboratory replicates were averaged for
analytical and reporting purposes. For quality control, blanks with a
minimum of 25 mL PBS were evaluated with each batch of samples.
All bacteria concentrations are reported in colony forming units
(cfu) per volume.
2.6. Macropore assessment
Smoke testing was conducted 23 days after manure application
(DAM) on 7 June 2012, to determine the number and distribution of
macropores directly connected to the tiles. Smoke tests were con-
ducted on the same 6 plots in which autosamplers were installed,
representing each combination of tillage and treatment. Smoke
candles (Superior Signal Company LLC, Spotswood, NJ) were
ignited, providing approximately 1133 m3 of smoke each, and
smoke was pumped into the tile outlets using an unused liquid
manure application tank. Up to 4 candles were used per tile. Lo-
cations of visible smoke, indicating direct conduits to the tile line,
were marked with ﬂags along the full length of each plot.
2.7. Data analyses
For the purposes of statistical analyses, all samples without
detectable levels of bacteria were assigned the value of the detec-
tion limit. Detection rates were compared using the chi-squared
statistic. To compare the effect of time using grab sample data,
30-day periods were deﬁned relative to the date of manure appli-
cation, for each year. Samples were grouped into one 30-day period
prior to manure application (30 e 0 DAM), and three 30-day
periods after application: 0e30 DAM, 30e60 DAM, and 60e90
DAM. Nonparametric pairwise Wilcoxon rank sum tests were per-
formed using JMP software (SAS Institute, Cary, NC) to determine
differences between distributions of instantaneous ﬂow-rates and
tile-water bacteria concentrations. Correlations between individual
and geometric means of FIB and SALM concentrations in tile-water
grab samples were estimated using Spearman's rank-order ana-
lyses, and linear regression analyses were performed using JMP
software. Signiﬁcance of all statistical evaluations was determined
using the p < 0.05 level.
3. Results and discussion
3.1. Variability in bacteria sample measurements
Uncertainty of concentrations, as determined from laboratory
replicates, increased with bacterial concentration. For tile-water
samples where the average value of 3 replicates was greater than
100 cfu/100 mL, the mean relative standard error was 10% for EC
and ENT, and 24% for SALM. While the selective agars and incuba-
tion procedures used to enumerate EC and ENT adequately sup-
press other bacteria species, observations of the XLD agar plates
after incubation reveal growth of numerous non-SALM bacteria.
The growth of EC on XLD agar was indicated by pale colonies and
yellow color of the medium, and conﬁrmed by isolation and growth
on modiﬁed mTEC agar. When EC concentrations were high, this
growth interfered with growth and enumeration of SALM. Thus,
SALM concentrations in manure and tile-waters reported in this
study are likely lower than actual concentrations.
3.2. PM constituents and bacterial application rates
Average moisture contents of PM sampled prior to application
were 48%, 61%, and 30% in 2010, 2011, and 2012, respectively, and
average total nitrogen contents of manure ranged from 1.3 to 3.7
percent by weight. Bacteria concentrations in PM were highly
variable, as reported in Table 3. These values represent PM that was
transported directly from the conﬁnement and stockpiled outdoors
Table 2
PM application rates bywetmass and nitrogen equivalents. Nitrogen application rates are calculated assuming 60% availability of N in the ﬁrst year. Numbers in parenthesis are
standard deviations.
Year Treatment Tillage practice
Chisel-plowed No-till
Manure (Mg/ha) Nitrogen (kg N/ha) Manure (Mg/ha) Nitrogen (kg N/ha)
2010 PM1 9.3 (2.4) 72 (20) 12 90.2
PM2 24 (0.1) 187 (1) 24 184
2011 PM1 13 (0.3) 120 (4) 12 109
PM2 27 (1.6) 249 (25.8) 40 380
2012 PM1 6.0 (0.14) 132 (5.54) 5.0 103
PM2 10 (0.15) 231 (5.96) 13 298
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for up to four weeks; therefore, we expected concentrations below
those previously reported for fresh PM. Literature values are indeed
higher for EC and ENT, but not SALM. Terzich et al. (2000) reported
EC concentrations between 105 and 1010 for fresh PM. ENT con-
centrations ranging from 105 to 108 cfu/g dry weight were reported
by (Graham et al., 2009). Hutchison et al. (2004) reported SALM
concentrations up to 2.2 104 cfu/g in fresh PM, and 8.0 103 cfu/g
for stored manure samples.
Masses of applied manure ranged from 5 to 13Mg ha/yr for PM1
treatments, and 10 to 40 Mg ha/yr for PM2 treatments. Calculated
nitrogen application rates averaged 108 kg N ha/yr for the CP PM1
plots, just below the 112 kg N ha/yr fertilization goal, and
223 kg N ha/yr for the CP PM2 plots, almost matching the
224 kg N ha/yr goal. Application rates for the NT PM1 plots fell short
of the goal, with an average of 101 kg N ha/yr, while rates on the NT
PM2 plots exceeded the goal, with an average of 287 kg N ha/yr.
Figure SM1 shows the bacterial loading (cfu/ha) by year, tillage, and
treatment.
3.3. Rainfall and tile ﬂow
The average total rainfall for the ﬁeld season (March to October)
from 1998 to 2012 is 78 cm at this site. Rainfall amounts for 2011
and 2012 represented below-average years, with 50 and 42 cm of
precipitation, respectively, while 2010 was the wettest year at the
ﬁeld site since 1993, with 123 cm rainfall. Standing water was
observed at the site twice during the 2010 ﬁeld season, ﬁrst on 4
July (41 DAM) and again on 9 August (77 DAM). Runoff was not
observed at any time; however, it is possible that runoff occurred
on 9 August, 2010.
Forty one grab sample collection trips were conducted over the
3 year period. Fig. 2 illustrates the differences in precipitation
patterns and ﬂow rates over the three year period and highlights
the timing of grab sample collection. Hourly sample collection
occurred following rainfall events on June 9, 2011 (8 DAM) and June
20, 2012 (36 DAM).
On any given sample date, tile ﬂow rates varied approximately
one order of magnitude between large and small plots. As ﬂow
rates have been shown to have a signiﬁcant effect on bacterial
transport, it was important to determine whether ﬂow variability
caused by unequal plot areas or other factors (heterogeneity of soils
and/or manure application history), could bias analyses of bacterial
concentrations. Distributions of instantaneous tile ﬂow measure-
ments by all six tillage and treatment combinations are presented
in Fig. 3. No differences were observed between CP plots as a group
or between NT plots. Despite the variability between individual CP
plots, replications of plot treatments moderated the effects of these
differences on tile ﬂows. In contrast, statistical analyses did show
that tile ﬂows from CP plots were signiﬁcantly higher than NT plots.
Therefore, tile ﬂow variability should be considered when inter-
preting differences between bacterial concentrations from CP and
NT plots, as discussed in the “Effects of Tillage” section, below.
3.4. Hourly sampling results
Low ﬂows and electrical failures prevented collection of
simultaneous samples from all 6 plots; however, several important
observations can be made from the available hourly data. In gen-
eral, higher bacteria concentrations were measured under plots
with higher rates of manure application despite little or no differ-
ence in tile ﬂow rates. Differences between EC concentrations from
CP PM0 and CP PM2 treatments resulting from the precipitation
event on June 9, 2011 (8 DAM) are shown in Fig. 4a. For the CP PM2
plot, EC concentrations remained elevated above pre-rainfall con-
centrations for over 45 h after the onset of precipitation. EC con-
centrations in the PM0 plot dropped back to pre-event levels after
Table 3
Average bacterial concentrations in PM at the time of application (2010e2012) on a
dry weight basis. Values in parentheses are standard deviations.
Year E. coli (cfu/g) Enterococci (cfu/g) Salmonella spp. (cfu/g)
2010 2.4  101 (3.1  101) 5.0  104 (6.3  103) 1.5  104 (1.0  103)
2011 5.2  102 (1.7  102) 1.5  105 (1.8  105) 9.7  103 (6.4  103)
2012 2.6  103 (5.6  103) 5.9  104 (7.6  104) 2.0  102 (4.7  102)
Fig. 2. Digital tile ﬂow records (L/hr) for a representative chisel-plowed plot along
with timing of grab samples and rainfall intensities for (a) 2010, (b) 2011, and (c) 2012.
Equipment malfunctions in 2010 and 2011 resulted in gaps in the ﬂow record for this
plot 40e52 DAM and 0e6 DAM, respectively.
Fig. 3. Quantile boxplots showing distributions of tile ﬂow rates measured at the time
of grab sample collection for the six tillage and treatment combinations. Letters
indicate statistical differences as determined by pairwise Wilcoxon rank sum analyses.
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21 h. Differences between ENT concentrations from manure treat-
ments (PM0, PM1, and PM2) on NT plots resulting from the 6.26 cm
precipitation event on June 20, 2012 (36 DAM) are illustrated in
Fig. 4b. Flow-weighted ENT concentrations (Novotny and Olem,
1994) were 800 cfu/100 mL for the NT PM0 plot, and
3.3 104 cfu/100mL for the NT PM2 plot. ENT losses during the ﬁrst
45 h after rainfall for the NT PM0 and NT PM2 plots were
1.1  105 cfu/ha and 6.4  108 cfu/ha, respectively. For both events,
the effects of increased manure application are apparent; however,
the presence of EC and ENT in PM0 tiles indicates that background
concentrations of these bacteria are present in the control plots, or
that cross-contamination between plots does occur.
Bacteria concentrations generally mirrored tile ﬂow rate varia-
tions from the rising limb of the hydrograph to the tail. However,
during the June 2011 event, EC were detected at high concentra-
tions in tile-waters in advance of the wetting front as illustrated in
Fig. 4a. Presumably, these bacteria were released at or near the soil
surface during rainfall and transported directly to the tiles via
macropores. For the 2012 example (Fig. 4b), it is more difﬁcult to
discern a macropore signature because tiles were dry prior to the
event preventing sampling. More frequent sampling of these tiles
during wetter conditions would be valuable for assessing contri-
butions from macropore transport.
3.5. Grab sample analyses
Tile-waters integrate the effects of variable ﬁeld conditions and
practices on bacterial survival and bacterial transport processes. A
total of 299 individual water samples were obtained during this 3-
year study. Of these samples, ENT were detected most frequently,
followed by SALM, and EC. Table 4 shows the detection frequencies
of the three bacteria species for subsets of the data by year. EC were
detected most frequently (84% of samples) during the wet year,
2010, with lower detection frequencies in the dry years (2011 and
2012). ENT detection rates were between 80 and 90% for all three
years. SALMwere detected in 83% of samples in 2010 and 2012, and
in 63% of the samples in 2011. Higher concentrations of all three
bacteria species were observed in 2010 relative to subsequent years
(Table 4). Flow rates associated with grab samples were also
signiﬁcantly different by year, with 2010 > 2011 > 2012.
3.6. Effects of time relative to manure application
It is generally understood that maximizing the time between
manure application and precipitation reduces the potential for
impacts on water quality. While total contributions of bacteria to
the environment following spring PM applications are likely to
decrease over time, our data reveal that the potential for bacteria
losses to tiles continues throughout the summer months. When
data from all three years are combined, post-manure bacterial
concentrations are shown to be signiﬁcantly higher than pre-
manure samples (Table 5). For ENT and SALM, concentrations
appear to be higher in samples collected later in the summer. This is
somewhat misleading, because samples from 2010 dominate the
30e60 and 60e90 DAM sample sets.
Data from a single year may be better for illustrating of the ef-
fects of time relative to manure application and the potential for
cross-contamination. Fig. 5 shows distributions of EC concentra-
tions by 30-day group from 2010. In 2010, pre-manure concentra-
tions of bacteria never exceeded 10 cfu/100 mL even during high
ﬂows (<10% exceedance) 10 days prior to manure application. This
indicates that any bacteria that survived the winter in soils, or were
introduced by wildlife, did not contribute signiﬁcantly to tile-water
concentrations. As expected, EC concentrations in manured plots
(PM1 and PM2) were highest during the 30 day period post-
manure application, and declined thereafter. For control plots
(PM0), the highest concentrations of EC occurred in the 60e90
DAM period, illustrating the effects of cross-contamination as the
season progressed. Standing water caused by heavy rainfall was
observed 33e34 and 76e78 DAM in 2010. Similar patterns are seen
for ENT in 2010, while the highest measured SALM concentrations
in manured plots were observed in the 60e90 DAM period.
Fig. 4. Results of bacterial analyses of auto-sampled tile-water during events begin-
ning, a) June 9, 2011, and b) June 20, 2012. Corresponding tile ﬂow rates and rainfall
intensities are shown on the secondary axes.
Table 4
Summary statistics for E. coli (EC), enterococci (ENT), and Salmonella spp. (SALM) by
year. Letters indicate differences using Wilcoxon rank sum analyses.
Bacteria Year N Det. Freq. Median (cfu/100 ml) Max (cfu/100 ml)
EC 2010 154 84% 22 a 6.6  103
2011 82 60% 1.0 b 1.9  102
2012 63 35% 1.1 b 2.5  102
ENT 2010 147 86% 420 a 6.6  105
2011 67 90% 8.3 b 1.5  103
2012 65 80% 6.7 b 7.6  102
SALM 2010 101 83% 45 a 2.9  103
2011 63 63% 7.2 b 6.4  102
2012 64 83% 4.7 b 7.5  102
Table 5
Summary statistics for E. coli (EC), enterococci (ENT), and Salmonella spp. (SALM) by
30-day groupings relative to manure application. Letters indicate differences be-
tween distributions of concentrations using Wilcoxon rank sum analyses.
DAM N Det. Freq. Median (cfu/100 ml) Max (cfu/100 ml)
EC 30e0 78 40% 1.0 a 2.5  103
0e30 136 72% 5.1 b 6.6  103
30e60 54 83% 17 b 1.5  103
60e90 26 100% 16 b 4.0  102
ENT 30e0 70 79% 2.8 a 1.5  103
0e30 128 83% 69 b 5.9  105
30e60 53 94% 600 c 6.6  105
60e90 23 100% 500 c 8.2  103
SALM 30e0 60 68% 8.2 a 7.6  102
0e30 93 78% 27 b 8.0  102
30e60 52 81% 16 b 2.9  103
60e90 19 100% 470 c 1.8  102
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3.7. Effects of tillage
Occurrence of all three bacteria species was signiﬁcantly higher
in tile-water samples fromNT plots than from CP plots (p < 0.0001),
as were concentrations (p < 0.001) as shown in Table 6. Previous
studies report increased concentrations of manure-derived bacteria
in tiles lines under NT plots when compared to tilled plots (Pappas
et al., 2008; Samarajeewa et al., 2012; Hoang et al., 2013). All three
studies hypothesized that increased macroporosity in NT plots was
the cause of these differences; however, it is important to consider
other possible explanations for these differences. First, despite
every effort to apply PM consistently, the method of broadcasting
PM manure results in some variability. Analysis of estimated bac-
terial loading to plots reveals no differences between CP and NT
loading despite higher application rates of PM on NT plots in 2012
(SM1).
Another possible explanation for the higher occurrence and
concentration of bacteria in tile-waters draining NT plots is that
tillage practices inﬂuence the relative survival of bacteria in soils.
While some studies of manure-derived bacteria in soils show
higher survival rates in NT soils compared to CP soils (Tyrrel and
Quinton 2003; Hutchison et al., 2004; Rogers and Haines, 2005),
other studies have reported little impact from tillage on soil bac-
teria concentrations after PM application. For example, Jenkins
et al. (2008) found no differences between EC concentrations in
soil samples from CP and NT plots one day after poultry litter
application and rainfall simulation. Cook et al. (2014) also found no
effect of tillage on ENT concentrations in soils after poultry litter
application. Jenkins et al. (2008) and Cook et al. (2014) also report
ﬁnding more soil samples positive for SALM under CP plots than in
NT soils. These ﬁndings imply that UV radiation and desiccation
increases die-off of SALM in untilled soils; however, these factors
appear to be less important for survival of EC and ENT. Soil samples
obtained once prior to PM application and three times post appli-
cation in 2012 (unpublished data) reveal no signiﬁcant differences
between bacterial occurrence or concentrations in NT or CP soils
with the exception of SALM, which occurred at higher rates and
concentrations in NT soils.
Signiﬁcantly higher tile ﬂow rates (described above) in CP tiles
would be expected to result in increased concentrations in CP
samples; thus, this effect does not explain elevated concentrations
in NT tile-water samples. Since bacterial loading from PM and the
effects of tillage on bacterial survival in soils do not appear to
explain the observed differences in occurrence and concentrations
of bacteria in tile-waters, it is reasonable to hypothesize that the
presence of macropores in NT plots relative to CP plots is the cause
of observed differences. Other factors, such as soil pH, native mi-
crobial populations, or the presence of predator organisms were
not evaluated.
Six smoke tests were conducted in the spring of 2012 to deter-
mine whether there were, in fact, more surface-connected macro-
pores in NT plots. Testing occurred two weeks after manure
application, tillage, and planting. Smokewas detected along the full
length of each plot, indicating that no major tile-blockages existed
at that time. Macropores large enough and sufﬁciently connected to
the tile to allow visible smoke plumes, were observed above the tile
lines in bands less than one meter wide. Higher densities of
surface-connectedmacropores were detected above tile lines in the
NT plots than the CP plots. Macropore densities for NT plots ranged
from 3.6 to 13.9 pores/m2, while under the CP plots fewer than one
pore/m2 was observed. These observed macropore densities under
NT plots are high compared to observations with densities
approximately one surface-connected pore per square meter for
both spring and late fall investigations of ﬁelds with Floyd sandy
loam soils in north-central Iowa with a history of swine manure
application (Fox et al., 2012; Hoang et al., 2013).
3.8. Effects of treatment
Table 7 displays summary statistics for tile-water bacteria con-
centrations by treatment. EC and ENT concentrations were higher
for manured plots (PM1 and PM2) than for control plots (PM0), but
no signiﬁcant differences were seen between PM treatments for
SALM. Differences between treatments were also not observed
when data were analyzed separately by year, or when all pre-
manure application data were excluded. Given that bacteria con-
centrations vary over orders of magnitude, it is not surprising that
an approximate doubling of PM rates did not result in statistically
higher concentrations.
Fig. 5. Quantile boxplots of EC concentrations from 2010 by 30-day period relative to
manure application. Lettering indicated differences between 30-day periods within
each treatment category as determined by Wilcoxon rank sum analyses.
Table 6
Summary statistics for E. coli (EC), enterococci (ENT), and Salmonella spp. (SALM) in
tile-water grab samples from no-till (NT) and chisel-plowed (CP) plots.
Tillage N Det. Freq. Median (cfu/100 ml) Max (cfu/100 ml)
EC CP 200 61% 1.0 2.5  103
NT 99 80% 10 6.6  103
ENT CP 176 83% 19 1.7  104
NT 103 90% 350 6.6  105
SALM CP 156 74% 8.2 7.6  102
NT 72 86% 34 2.9  103
Table 7
Summary statistics for results of bacterial analyses of tile-water grab samples by
poultry manure treatment. Lettering indicates differences between treatments as
determined by Wilcoxon rank sum analyses.
Treatment N Det. Freq. Median (cfu/100 ml) Max (cfu/100 ml)
EC PM0 89 54% 1.0 a 1.6  103
PM1 104 73% 3.2 b 2.5  103
PM2 106 73% 6.4 b 6.6  103
ENT PM0 81 85% 25 a 1.2  104
PM1 103 85% 127 b 2.4  104
PM2 95 86% 150 b 6.6  105
SALM PM0 72 69% 9.5 a 1.3  103
PM1 83 84% 13 a 9.4  102
PM2 73 78% 15 a 2.9  103
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Reported effects of manure application rate on tile-water bac-
teria concentrations from previous studies are variable and appear
to depend on the magnitude of the differences between rates, the
species of bacteria, and the type of manure. A three-year study of
the effects of swine-manure application by Pappas et al. (2008)
compared ﬂow-weighted FIB concentrations in tile-waters under
ﬁelds adjacent to our study site. For EC, the Pappas et al. (2008)
study noted differences between manure-amended plots and
control plots, but did not observe differences between EC concen-
trations in tile-waters under varying swine manure application
rates. In contrast, EC concentrations did correlate to application rate
of liquid swine manure in Coelho et al. (2007). Pappas et al. (2008)
report that ENTconcentrations in tile-waters following liquid swine
manure application were signiﬁcantly higher when the application
was double the agronomic rate, compared to the recommended
agronomic rate or to the control plots, while no differences were
observed between the control and the recommended rate.
The results of this study are consistent with previous studies
which report increased concentrations of bacteria in tiles lines
under NT plots when compared to tilled plots (Pappas et al., 2008;
Samarajeewa et al., 2012; Hoang et al., 2013). However, bacteria
concentrations observed in tile-waters below NT plots with PM2
treatment in this study were substantially higher than previously
reported from swine manure amended plots (Garder et al., 2014).
These results were unexpected, given that storm events were
smaller, and estimated bacterial loading from manure in this study
were lower, than in comparable studies. For example, the
maximum measured ENT value (6.6  105 cfu/100 mL) was
observed 41 days after manure application in 2010, following a
rainfall event that peaked at 0.28 cm/h, under a NT plot with the
PM2 treatment. This maximum concentration is two orders of
magnitude greater than that reported by Hoang et al. (2013), of
5.0  103 cfu/100 mL ENT. This concentration was observed after a
rainfall simulation, with an intensity of 5.1 cm/h, on a NT ﬁeld, in
spring, following injection of liquid swine manure at a rate of
7.3  1012 cfu ENT/ha, which is an order of magnitude higher than
the application rate estimated for our study in 2010.
3.9. Correlation analyses
Non-parametric correlation analyses were used to evaluate the
relative value of EC and ENT as indicators of the pathogen, SALM.
While results of this analysis show signiﬁcant correlation for both
FIB (p < 0.001), ENT appears to be a better indicator (Table 8). These
analyses also show that correlations are stronger (higher Spear-
man's rho (r) for 30-day geometric mean values than for individual
measured concentrations (Table 8). R2 values for linear regression
of log bacteria concentrations are 0.06 for EC vs. SALM and 0.18 for
ENT vs. SALM. R2 values improve when log values of geometric
mean concentrations are compared (0.24 for EC vs. SALM, and 0.45
for ENT vs. SALM). 95% of both the individual and geometric mean
SALM concentrations are within 5 orders of magnitude of the best
ﬁt lines for FIB.
Although the our analyses show signiﬁcant correlation between
FIB and SALM, it is important to point out that exposure to poten-
tially infectious doses of SALM could still be present in recreational
waters downstream of tile-drained PM application areas when FIB
are absent or at low concentrations. The dose of Salmonella
necessary to cause infection has been shown to be serovar-
dependent and highly variable. Reported infective doses for Sal-
monella range from 200 to 1.0  106 cells (Huang et al., 1999), and
Haas et al. (1999) report the ID50 (dose necessary to infect 50% of
experimental subjects) at 2.3 104 cells. A recent study determined
that recreational water users swallow between 18 and 51 mL per
swimming event, with children ingesting higher volumes than
adults (Schets et al., 2011). In a worst-case scenario, where recre-
ational water users ingest 51 mL of water, ingestion of surface-
waters with SALM concentrations above 392 cfu/100 mL, could
result in infection. Concentrations of SALM above 392 cfu/100 mL
were observed in 12% of all tile-water samples analyzed for SALM.
SALM above 392 cfu/100mL occurred in 9% of samples for which EC
was below the one-time sample maximum primary recreational
water quality standard for EC in Iowa (126 cfu/100 mL) (IAC, 2012).
Furthermore, 42 samples with no detection of EC contained SALM,
3 of which were above 392 cfu/100 mL.
In a Canadian study of pathogen and EC concentrations in
agricultural watersheds, Edge et al. (2012) also concluded that
existing recreational water quality standards based on EC did not
guarantee pathogen-free waters. In their study, 79.8% of samples
with geometric mean EC concentration 100 cfu/100 mL, were
positive for 1 or more pathogens, including Salmonella, Campylo-
bacter, E. coli O157:H7, Cryptosporidium, or Giardia (Edge et al.,
2012). EPA has recommended ENT be used as an alternative indi-
cator to EC, with a geometric mean standard of 35 cfu/100mL, and a
statistical threshold value (90th percentile) of 130 cfu/100 mL ENT
(USEPA, 2012). In this study, only 2% of the samples containing less
than 35 cfu/100 mL ENT, contained SALM above 392 cfu/100 mL.
Our results suggest that ENT is the better indicator of the
pathogen in this environment. Cook et al. (2014) came to a similar
conclusion based on analyses of EC, ENT, and SALM concentrations
in PM-amended soils. However, these relationships may not be
representative of environments dominated by other manure sour-
ces, soil types, or land-uses. Our study was conducted on loamy
soils, which have been shown to favor ENT survival, while sandy
soils favor EC survival (Cools et al., 2001). In an urban watershed
primarily inﬂuenced by stormwater, Krometis et al. (2010) found
Spearman's coefﬁcients of 0.51 for incidence of EC and Salmonella
and 0.48 for ENT and Salmonella (p < 0.0001). Regardless of the FIB
used, a lack of indicator bacteria is not a guarantee of Salmonella-
free tile-water.
4. Conclusions
This study was conducted under highly variable weather con-
ditions and a range of commonmanagement practices, allowing for
extensive characterization of microbial concentrations in drainage
tiles under PM-amended cornﬁelds. Our results have implications
for manure management and tillage practices, watershed-
modeling efforts, risk assessments for pathogens in recreational
waters, biosecurity, and public health. This study clearly shows that
bacteria from spring application of PM are transported to drainage
tile lines, even under unsaturated conditions, and that elevated
Table 8
Results of Spearman's rank correlation analyses for individual bacterial concentrations and geometric mean concentrations in tile-waters. P < 0.001 for all correlations.
Correlation Spearman's r for individual measurements Spearman's r for geometric mean values
E. coli vs. Salmonella spp. 0.29 0.53
Enterococci vs. Salmonella spp. 0.43 0.67
E. coli vs. Enterococci 0.75 0.79
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bacteria concentrations can persist for more than 3months in years
with above-average precipitation. Concentrations of bacteria in
tile-drainage from PM-amended ﬁelds were greatest when PMwas
applied to NT plots. The difference between bacterial concentra-
tions in tile-waters below NT and CP plots may be explained by the
presence of surface-connected macropores, which were shown to
occur at higher densities in NT plots than previously reported. For
water bodies that routinely violate microbial water quality stan-
dards and that drain watersheds with dense drainage systems and
widespread manure application, some tillage prior to application
may be recommended to disconnect macropores from the surface.
However, conventional tillage practices are known to cause
compaction and disrupt soil aggregation, resulting in decreased
inﬁltration, increased runoff, increased soil erosion, and decreased
yields. Tillage also affects nutrient transport; therefore, all land-
management objectives should be considered before such recom-
mendations are made, and other factors, such as timing of manure
application, should also be considered.
Additionally, our results indicate that ENT is a better predictor of
SALM than EC in this setting. However, caution should be taken
when using either FIB, because low concentrations of either indi-
cator, does not ensure that waters are free of Salmonella.
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